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ABSTRACT 
 
 
Background 
Although the diagnosis of heart disease has improved with 
the rapid development of scanning techniques such as 
computed tomography (CT), magnetic resonance imaging 
(MRI) and echocardiography, there are still limitations in 
diagnosing patients with congenital heart disease (CHD) due 
to its complex morphology. 
 
Aims 
The aim of this study is to use a preserved pig heart for 
conducting phantom experiments and creating a highly 
accurate 3D model using 3D printing technique.  
 
Methods  
A palatinate pig heart was used in the phantom experiments 
to investigate the accuracy of the 3D printed model in 
comparison with the CT images and 3D segmentation files 
as well as the real object of the pig’s heart. 
Results  
Eight comparisons and scatter plots were generated from 
six different datasets consisting of pig heart, 3D printed 
model, two standard tessellation language (STL) files and 
two CT images data. A strong correlation (r=0.99) was noted 
in each scatter plot while pig heart and 3D printed model 
averaging 0.21mm in difference. 
 
Conclusion 
This study has shown that the 3D model which was printed 
with a pig heart has high accuracy in replicating normal 
cardiac anatomy. 
 
Key Words 
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What this study adds:  
1. What is known about this subject?  
3D printing has been increasingly used in medical 
applications with increasing reports in cardiovascular 
disease. 
 
2. What new information is offered in this study? 
This study validates the 3D printed model accuracy by 
comparing physical model with original CT images and STL 
files. 
 
3. What are the implications for research, policy, or 
practice?  
3D printed heart models are accurate in replicating cardiac 
anatomical structures, thus they can be used to produce 3D 
models of patient’s cases for improving understanding of 
complex cardiac anatomy and pathology. 
 
Background 
World Health Organization (WHO) statistics reveals that the 
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estimated annual death toll from cardiovascular diseases 
(CVD) is about 17 million globally.
1,2
 Congenital heart 
disease (CHD) is manifested as a defect within complex 
cardiac structures that causes hemodynamic changes, and 
these abnormal heart blood circulations exist during the 
embryonic period itself. The need for surgery depends on 
the severity of the condition.
3-5
 Although CHD is a common 
birth defect, it is usually accompanied by deformities and 
complex structures, thereby posing difficulties in diagnosis 
and surgical management.
6-8
 Although medical imaging 
techniques, such as computed tomography (CT), magnetic 
resonance imaging (MRI), or three-dimensional (3D) 
echocardiography are used in the diagnostic assessment of 
CHD, the visualization of traditional 3D imaging techniques 
has the limitation of demonstrations on two-dimensional 
screens that hinder the full understanding of the complex 
intra-cardiac anatomy. With rapid growth of 3D printing 
technology, the creation of a 3D printed heart model with 
use of CT or MRI images can provide highly accurate models 
of the patient’s heart anatomy, allowing simulation of 
surgery and manipulation to be performed.
9,10
 Doctors can 
actually assess complex anomalies of the heart and great 
vessels to make accurate diagnosis and plan appropriate 
interventions with a highly accurate 3D patient-specific 
heart model.
11-15
 
 
In the recent years, 3D printing in medical applications is 
expanding rapidly, with customized medical implants and 
maxillofacial replacements being a few of the prominent 
examples.
16-20
 This emerging technology in the 
cardiovascular domain enables the creation of physical 
patient-specific models such as cardiac prosthetics and 
complicated cardiovascular models.
21-24
 3D printed models 
can greatly help in complex paediatric and adult CHD, 
cardiac tumours, valvular diseases, etc.
25-29
 Studies have 
shown the potential value of heart models in assisting 
preoperative planning, medical education and doctor-
patient communication.
24,26,30
 
 
3D printed CHD models have been shown to be accurate in 
demonstrating the cardiac anatomy and pathology; 
however, most of the current studies are based on isolated 
case reports or case series and lack a systematic analysis 
and assessment of model accuracy when compared with 
original source images. This research gap was addressed in 
the present study. Thus, the purpose of this study was to 
quantitatively assess and validate the accuracy of 3D 
printed heart model in comparison with original CT and 
post-processing images based on an in vitro phantom study. 
 
 
Methods 
Phantom experiment 
A palatinate pig heart was used in this phantom experiment 
to perform ‘closed loop’ validation (Figure 1). The 3D 
printing process is divided into several different stages as 
shown in Figure 2. The palatinate pig heart was first 
scanned to acquire volumetric CT imaging data for 
generation of the 3D printed model for phantom 
experiment. 
 
The scan of the actual pig heart and the 3D printed model 
were both performed using 192-slice CT scanner (Somatom 
Force, Siemens Healthcare, Forchheim, Germany) with the 
following imaging protocol: slice thickness 0.5mm, gantry 
rotation time 0.25s, field of view (FOV) 250mm, and 80 or 
100kVp. 
 
During the scanning, the non-ionic contrast medium 
Omnipaque 300mgI/ml (IOHEOL 32.35g/50mL) with a 
dilution rate of 6–8 per cent was used to simulate cardiac CT 
angiography with similar CT attenuation, this allowing 
visualisation of the heart vessels, atria and ventricles. Both 
palatinate pig heart and the 3D printed model were placed 
in a 2.0L plastic container with or without 144ml of water 
mixed with 60ml of the contrast medium. 
 
Coronary computed tomography angiography (CCTA) 
scanning was performed 4 times for the palatinate pig heart 
and the model, and the differences between the two are 
provided in Table 1 for each scan. All the scans were done 
using the same protocol, which is, 80 or 100kVp with 
150mAs. The first attempt was an experimental test to 
check whether the palatinate pig heart floated in the 
mixture of contrast medium and water during the scan and 
produced moving artifacts. During the second time, 
supporting materials were placed inside the plastic 
container to make the heart stable and solve the floating 
problem and moving artifacts. When the mixture of contrast 
agent and water was added, air bubbles appeared inside the 
heart chamber during the CT scan (Figure 3). Using a syringe 
to inject the water-contrast mixture into the pig heart and 
then placing it into the plastic container did not solve the 
problem; however, the air bubbles were less when 
compared with the first scan. After the 3D model was 
printed by using the imaging data from the second scan, it 
was scanned without the contrast medium. To compare the 
CT image accuracy of the pig heart and its 3D model, both 
were placed in the same plastic container to make sure that 
they were scanned in the same position so that the images 
were also the same. 
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Image processing and segmentation 
3D slicer, a free open-source software (www.slicer.org) was 
used for the image post-processing and segmentation for 
creating STL file for 3D printing. The image data from the CT 
scan were transferred to the 3D slicer in the Digital Imaging 
and Communications in Medicine (DICOM) format. In the 
segmentation process, segment editor with a range of 
thresholds was chosen to create the standard tessellation 
language (STL) file. A new segment was added, and it was 
selected to separate the various objects by setting different 
threshold ranges. Subsequently, the segment that needed 
to be removed was selected, and the desired segment of 
the pig heart was placed. 
 
3D printed pig heart model 
The STL file was transferred and printed with Ultimaker 2 
Extended 3D Printer (Ultimaker BV, Geldermalsen, 
Netherlands), with a build volume of 223×223×305mm
3
, 
layer resolution of up to 20 microns, build speed of up to 
24mm³/s and travel speed of up to 300 mm/s. Fused 
filament fabrication (FFF) technology was used for 3D 
printing. 
 
The 3D model was printed with thermoplastic polyurethane 
(TPU) 95A, which is a TPU material with high strength and 
tear resistant polyurethane. In addition, it is easier and 
faster to print than other TPU filaments. The cost for the 
model is around AUD 50. 
 
“Closed-loop” validation 
Totally, six sets of measurement data were considered for 
the accuracy validation of the model, including two 
touchable models (pig heart and 3D printed model), two 
sets of CT scan image data and two sets of STL file. The pig's 
heart was used as a practical and ethical way of performing 
‘closed loop’ validation. 
 
Ten anatomical locations were chosen in each dataset for 
the measurement, including aorta, brachiocephalic, superior 
vena cava, inferior vena cava, left/right pulmonary artery, 
left/right pulmonary vein, and the length and width of the 
heart. For the two touchable models, ten locations were 
measured by using electronic caliper. And for image data 
and STL file measurements were performed by using the 
ruler function in the 3D slicer as shown in Figure 4. 
 
Data analysis  
Continuous variables were expressed as mean±standard 
deviation. Pearson correlation coefficient was used for the 
statistical analysis. The coefficient provides a measure of 
the linear correlation between two variables, with 1 
representing total positive linear correlation, 0 denoting the 
lack of linear correlation, and −1 signifying total negative 
linear correlation. A p value less than 0.05 is considered 
statistically significant. 
 
Results 
The measurements were compared for each dataset; totally 
eight comparisons and scatter plots were generated from 
six different datasets. A strong correlation (r=0.99) was 
noted in each scatter plot. 
 
Similar datasets, such as touchable models (palatinate pig 
heart and 3D printed model), CT data (palatinate pig heart 
and 3D printed model), and STL file (palatinate pig heart and 
3D printed model), were compared as demonstrated in 
Figures 5-7. It was discerned that the average differences 
for touchable model, STL file, and CT data were 0.21mm, 
0.22mm, and 0.23mm, respectively. The mean differences 
between each comparison of the datasets were always 
lesser than 0.28mm. All the measurements demonstrated 
strong correlation (r=0.99), with all the data points lying 
closely and exhibiting a perfect correlation line (r=0.99). 
  
While scanning both the palatinate pig heart and the 3D 
printed model, it is expected that the use of the contrast 
medium would result in a clearer image for post-processing 
and creation of the STL file; however, the use of the 
contrast medium caused bubbles to appear inside the 
chamber of the heart. Hence, an STL file was created by 
using the CT image obtained upon scanning without the 
contrast medium. The file can be compared with the model 
scans because the model does not have other tissues and 
organs surrounding it. Besides, the model lacks blood flow 
inside it and therefore contrast medium is not necessary for 
obtaining a clear image to produce 3D models of the pig 
heart. 
 
Comparing the touchable model with its own STL file, it was 
inferred that the average difference between the pig heart 
and its STL file was 0.22mm, while that of the 3D printed 
model was 0.24mm. 
 
Comparing the touchable model with CT image, it was 
found that the average difference between the pig heart 
and its CT image was 0.22mm, printed model average 
0.24mm, and 3D printed model with pig heart CT image 
average 0.21mm. 
 
In each scan performed by using two different protocols, 
80/100kVp and 150mAs, no significant differences were 
observed when comparing the two sets of CT images. 
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Hence, the STL file was created by using the image obtained 
with 80kVp and 150mAs with no significant differences 
between these measurements as shown in Table 2. 
 
Discussion 
The complex model was used to simulate the human heart 
for observing the cardiovascular physiology and 
pathophysiology with high accuracy and similarity. The 
porcine heart is quite similar to the human heart in size, 
physiology, anatomy and blood flow; therefore, it is a 
beneficial tool which is often used in cardiovascular 
research.
31,32
  
 
Valverde et al.’s study across 10 different international 
centres involved 40 3D printed CHD models. The 
researchers asserted that 3D models accurately replicate 
cardiac anatomy and pathologies when comparing with the 
CT or MRI image with mean difference of 0.27±0.73mm.
30
 
Similarly, Lau et al. reported that the mean difference 
between measurements of the 3D printed CHD model and 
the original CT image was 0.23mm.
33
 The model was printed 
with a rubber-like material, Tango Plus. In the study by 
Valverde et al. involving patients with hypoplastic aortic 
arch, rigid 3D-printed and flexible printed models were 
compared with MRI and X-ray angiography. The difference 
between the two models was 0.05±0.17mm, and when 
comparing with MRI and X-ray angiography, the differences 
were 0.18±0.38mm and 0.55±0.46mm, respectively.
34
 
Olivieri et al. created nine 3D printed models, and when 
compared with 3D echocardiographic datasets, 0.4±0.9mm 
difference was noted for each measurement.
35
 
 
In our study, when comparing the pig heart images with the 
3D printed pig heart model, the mean difference was 0.21 
mm, while the difference between the pig heart and its 
images averaged 0.22mm. The results are quite similar to 
those obtained from other studies and can be considered 
acceptable. The difference between printed models from 
patient CT images and pig heart CT image data is that when 
performing image post-processing and segmentation from 
patient data, the process will be complicated by the 
presence of other tissues and organs surrounding the heart. 
As the pig heart CT images do not have these structures, it 
can reduce the error of printing. 
 
This experiment initially proved that the model printed with 
the low-cost material, has higher accuracy when compared 
with the original pig heart, STL file, and image data. From 
the results of the eight comparisons, it could be discerned 
that the measurements between the pig heart and 3D 
printed model have minimum error with a mean difference 
of 0.21mm. The reason for these discrepancies might be 
that the locations that were measured were not perfectly at 
the same point. Although scanning both the pig heart and 
the 3D printed model at the same time, precautions were 
taken to keep them in the same position and direction, 
there still might have been a slight difference. 
 
This preliminary research has proven the high accuracy of 
printing the palatinate pig heart with the low-cost material, 
TPU 95A. The knowledge and experience from 'closed loop' 
validation can be used to perform future experiments. 
Future work will focus on printing a 3D model of patients 
with CHD. Most children with CHD need surgical or 
catheter-based interventions at an early age, necessitating a 
CT scan with low dose protocol. Thus, 3D printed heart 
models can be used to optimal CT scanning protocols for 
reduction of radiation dose, and this has been shown in 
some recent studies showing the feasibility of achieving this 
goal.
36-40
 
 
Conclusion 
This study performed with six sets of data for accuracy 
verification has shown that the 3D model which was printed 
with a pig heart has high accuracy. Furthermore, the 
research has revealed that “closed loop” validation can 
reduce errors and facilitate future experiments to print 
personalised 3D models from the patient’s CHD image data.  
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Figure 1: “Closed-loop” validation is used for accuracy evaluation of the printed models 
 
Figure 2: Image post-processing and segmentation process of creating 3D printed model 
 
Figure 3: A palatinate pig heart scanning with (A) and without (B) contrast medium. Air bubbles are seen in image A 
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Figure 4: Measurement of aorta dimensions. (A) CT image of the original pig heart (B) CT image of the 3D printed model (C) 
STL file created from the original pig heart. (D) STL file from the 3D printed model 
 
 
 
Figure 5: Scatter plot between the measurements of pig heart and 3D printed model, with 0.21mm difference in average 
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Figure 6: Scatter plot between the STL measurements of pig heart and 3D printed model, with 0.22mm difference in 
average 
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Figure 7: Scatter plot between the CT measurements of pig heart and 3D printed model, with 0.29mm difference in 
average 
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Table 1: Details of the four CT scans 
 
No. of 
scans 
Model scanning Contrast mediu  CT scanning protocols  
1 Palatinate pig heart With and without 80kVp 150mAs 
100kVp 150mAs 
2 Palatinate pig heart With and without 80kVp 150mAs 
100kVp 150mAs 
3 3D printed heart model Without 80kVp 150mAs 
100kVp 150mAs 
4 Both palatinate pig heart and 3D printed 
heart model 
Without 80kVp 150mAs 
100kVp 150mAs 
  
Table 2: Ten anatomical location measurements of six datasets 
 
Anatomical 
locations 
Pig heart 
(mm) 
3D printed 
model (mm) 
STL 1 
(mm) 
STL 2 
(mm) 
CT image (pig 
heart) (mm) 
CT image (3D 
model) (mm) 
Aorta 12.96±0.02 12.71±0.03 13±0.02 12.7±0.3 12.6±0.04 12.8±0.05 
Brachiocephalic 
branch 
10.33±0.04 10.12±0.04 10.29±0.02 10.45±0.02 10.3±0.02 10.1±0.05 
Superior vena cava 25.0±0.05 24.79±0.02 24.7±0.03 24.9±0.05 24.7±0.01 24.65±0.02 
Inferior vena cava 20.91±0.05 20.74±0.04 20.55±0.05 20.75±0.05 21.1±0.05 20.85±0.01 
Left pulmonary 
artery 
12.65±0.02 12.36±0.03 12.55±0.03 12.85±0.04 12.3±0.04 12.2±0.04 
Right pulmonary 
artery 
14.87±0.04 14.71±0.04 14.6±0.02 14.9±0.02 14.86±0.02 14.66±0.05 
Left pulmonary 
vein 
22.62±0.02 22.52±0.05 22.5±0.05 22.35±0.01 22.3±0.01 22.55±0.01 
Right pulmonary 
vein 
10.82±0.04 10.92±0.02 11.3±0.02 11.3±0.01 11.01±0.01 11.2±0.01 
Width of heart 88.24±0.02 88.01±0.06 88.1±0.01 88.35±0.05 88.1±0.04 88.9±0.04 
Length of heart 138.53±0.04 138.93±0.04 138.9±0.05 138.6±0.04 138.2±0.04 138.3±0.01 
 
